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Preface 

The numerical model investigation of potential aggradation and degradation 
in the proposed Yellow Creek channel improvement project, located near 
Middlesboro, KY, was conducted at the U.S. Army Engineer Waterways 
Experiment Station (WES) at the request of the U.S. Army Engineer District, 
Nashville (ORN). 

This investigation was conducted during the period January 1989 to August 
1992 in the Hydraulics Laboratory of WES under the direction of 
Messrs. Frank A. Herrmann, Jr., Director of the Hydraulics Laboratory, WES; 
R. A. Sager, Assistant Director of the Hydraulics Laboratory; Marden B. Boyd, 
Chief of the Waterways Division (WD), Hydraulics Laboratory; and Michael J. 
Trawle, Chief of the Math Modeling Branch (MMB), WD. Mr. William A. 
Thomas, WD, provided general guidance and review. The project engineer 
and author of this report was Dr. Ronald R. Copeland, MMB. Technical 
assistance was provided by Ms. Brenda L. Martin and Mrs. Peggy H. 
Hoffman, MMB. 

During the course of this study, close working contact was maintained with 
Mr. J. David Hendrix, ORN, who served as coordinating engineer, providing 
required data, technical assistance, and review. 

At the time of publication of this report, Director of WES was 
Dr. Robert W. Whalin. Commander was COL Bruce K. Howard, EN. 



Conversion Factors, 
Non-SI to SI Units of 
Measurement 

Non-SI units of measurement used in this report can be converted to SI units 
as follows: 

vii 

To Obtain 

cubic meters 

cubic meters 

meters 

kilometers 

square kilometers 

kilograms 

Multiply 

cubic feet 

cubic yards 

feet 

miles (U.S. statute) 

square miles 

tons (2,000 pounds, mass) 
, 

BY 

0.02831 685 

0.7645549 

0.3048 

1.609347 

2.589998 

907.1 847 



1 lntroduction 

The Prototype 

Yellow Creek drains approximately 103 square miles1 of the Cumberland 
Mountains in southeastern Kentucky (Figure 1). Most of the drainage basin is 
covered by forests. Strip and pit coal mining is prevalent in the basin. The 
major tributaries to Yellow Creek are Little Yellow Creek, with a drainage 
area of 11.8 square miles; Bennetts Fork, with a drainage area of 13.5 square 
miles; and Stony Fork, with a drainage area of 16.4 square miles. These tribu- 
taries are characterized by steep slopes and boulder beds and converge in a 
cup-shaped valley in which the city of Middlesboro rests. Middlesboro's water 
supply reservoir is located in the Little Yellow Creek drainage basin, affecting 
runoff from 7.1 square miles of the basin. Originally, Bennetts Fork and 
Stony Fork joined to form Yellow Creek southwest of Middlesboro. A bypass 
channel constructed by the U.S. Army Corps of Engineers in 1939 collects the 
flow from these tributaries and diverts it northwesterly around Middlesboro 
and back into Yellow Creek, which then flows north into the Cumberland 
River. 

The city of Middlesboro was founded in 1889 as part of a development 
plan to establish a major iron and coal industrial center. Flooding has been a 
problem in the city since its founding. The first flood protection measures on 
Yellow Creek were constructed in 1890, when the channel was straightened 
and enlarged through the center of town. However, this project did little to 
alleviate the flood problems. 

In 1939, the Corps of Engineers constructed the bypass channel and levee 
system that diverts the headwaters of Yellow Creek around Middlesboro. This 
project did not completely eliminate flooding problems due to insufficient 
channel capacity in Yellow Creek downstream from the bypass channel conflu- 
ence. Backwater from this reach retards the flow and causes flooding in the 
lower part of the city. 

A table of factors for converting non-SI units of measurement to SI units is found on 
page vi. 
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In 1952 the Corps of Engineers performed clearing and snagging mainte- 
nance on about 3.8 miles of the natural section of Yellow Creek below the 
bypass channel. The clearing of heavy timber growth on the banks and 
removal of boulders, gravel deposits, and debris from the channel significantly 
improved conditions initially. However, due to regrowth of brush and trees, 
the benefit from this project has been reduced and backwater flooding still 
occurs in the lower part of the city. A 1971 Hood Plain Information ~ e ~ o r t '  
showed substantial portions of Middlesboro subject to flooding from the 
100-year and Standard Project floods. 

The numerical model study reach extends from mile 9.43 on Yellow Creek, 
up Yellow Creek to mile 14.96, which is the bypass channel confluence, and 
then up the bypass channel 3.9 miles to the mouth of Bennetts Fork. Down- 
stream from mile 13.1, Yellow Creek flows through a very narrow valley 
bordered on both sides by rugged hills that rise more than 1,000 ft above the 
valley floor. In this reach, the slope is about 0.0011, and the streambed alter- 
nates between bedrock, gravel riffles, and coarse sand. Upstream from 
mile 13.1, Yellow Creek has a narrow but distinct floodplain. In this reach, 
channel bottom width ranges between 30 and 60 ft, banks are about 10-15 ft 
high, and the slope is about 0.0005. The streambed alternates in a riffle and 
pool sequence, with gravel on the riffles and coarse sand in the pools. The 
bypass channel enters Yellow Creek at mile 14.96 and has a bottom width of 
about 30 ft at the confluence, increasing to about 100 ft at mile 1.37. This 
reach of the bypass channel has experienced considerable degradation since its 
construction in 1939. At the upstream end of this reach, downstream from a 
supercritical flow concrete chute, the streambed has scoured to shale bedrock. 
Downstream from the exposed bedrock, the bypass channel has a sand and 
gravel bed. A comparison of surveys taken in 1971 and 1980 hdicate that the 
reach may have stabilized at a slope of about 0.005 (Figure 2). A concrete 
chute, constructed in a cut section between bypass channel miles 1.68 and 
1.38, has a variable bottom width between 132 and 105 ft. It controls 
upstream water-surface and bed elevations with a critical depth control at its 
inlet. Upstream of the concrete chute, between miles 1.68 and 3.9, the bypass 
channel has an average bottom width.of 100 ft and a slope of about 0.0028. A 
low-flow channel has a sand and gravel bed, which becomes finer in a down- 
stream direction. Channel bars and benches, formed from stream deposits, are 
composed primarily of fine sand and silt. 

Purpose of the Numerical Model Study 

Siltation occurs in the upstream portion of the bypass channel and has been 

U.S. Army Engineer District, Nashville. (1971). "Flood plain information; Yellow Creek 
and Little Yellow Creek, Bennetts and Stony Forks, and Diversion Canal; Middlesboro, 
Kentucky," Prepared for the city of Middlesboro by the U.S. Army Engineer District, Nashville, 
Nashville, TN. 
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Figure 2. Historical thalweg profiles in bypass channel, downstream from concrete chute 

attributed to strip mining and construction of haul roads in the basin.' Fol- 
lowing floods in 1963 and 1965, sediment deposits were removed from the 
bypass channel to maintain the design capacity. After a flood in 1977, about 
50,000 cu yd of channel deposits were removed in a second dredging opera- 
tion. Between 1978 and 1987, approximately 36,000 cu yd of sediment were 
deposited. A resurvey in January 1992 indicated that between 1987 and 1992, 
33,800 cu yd were deposited upstream from mile 2.1 and 11,400 cu yd were 
eroded between the concrete chute and mile 2.1. One of the purposes of this 
study was to develop a model that could simulate historical sediment deposi- 
tion in the bypass channel. This model would then be used to evaluate various 
dredging strategies. 

The Corps of Engineers is seeking to reduce backwater flooding problems 
in the city of Middlesboro by increasing channel capacity in the reach of 
Yellow Creek below the bypass channel. A second purpose of this investiga- 
tion is to evaluate potential for sediment deposition or scour with the proposed 
channel enlargement design and to investigate alternate enlargement designs, if 
appropriate. 

U.S. Army Engineer District, Nashville. (1966). "Cumberland River Basin, Middlesboro, 
Kentucky, local protection project - Design Memorandum No. 1," Nashville, TN. 
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2 The Model 

Description 

The TABS-1 one-dimensional sedimentation program was used to develop 
the numerical model for this study. Development of this computer program 
was initiated by Mr. William A. Thomas at the U.S. Army Engineer District, 
Little Rock, in 1967. Further development at the U.S. Army Engineer 
Hydrologic Engineering Center (USAEHEC) by Mr. Thomas produced the 
widely used HEC-6 generalized computer program for calculating scour and 
deposition in rivers and reservoirs (USAEHEC 1991). Additional modification 
and enhancement to the basic program by Mr. Thomas at the U.S. Army Engi- 
neer Waterways Experiment Station (WES) led to the TABS-1 program cur- 
rently in use. The program produces a one-dimensional model that simulates 
the response of the riverbed profile to sediment inflow, bed material gradation, 
and hydraulic parameters. The model simulates a series of steady-state dis- 
charge events and their effects on the sediment transport capacity at cross 
sections and the resulting degradation or aggradation. The program calculates 
hydraulic parameters using a standard-step backwater method assuming subcrit- 
ical flow. Critical depth is assigned for water-surface elevation if the back- 
water calculations indicate transitions to supercritical flow. However, for 
supercritical flow, hydraulic parameters for sediment transport are calculated 
assuming normal depth in the channel. A more detailed description of the 
program capabilities is found in Appendix A. 

The Hydraulic Design Package for Flood Control Channels, SAM (Thomas 
el al., in preparation), is a set of hydraulic computer programs for preliminary 
design of channels. The purpose is to calculate the width, depth, slope, and 
roughness for stable channels in alluvial material. SAM is being developed at 
WES as part of the Flood Control Channels Research Program. Beta test 
versions have been released to several Corps of Engineer Districts for testing. 
SAM is composed of three modules. The first module can be used for hydrau- 
lic calculations and for determining stable channel dimensions. This includes 
calculation of hydraulic parameters for uniform flow in both simple and com- 
plex channels and determination of width, depth, and slope using analytical 
equations for sediment transport and roughness. The second module can be 
used to select an appropriate sediment transport equation based on existing 
channel conditions, and to calculate a sediment transport rating curve. The 
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third module calculates sediment yield by integrating the sediment discharge 
and flow duration curves. Used in sequence, these modules can be used to 
quickly evaluate stability of proposed channels by determining aggradation and 
degradation potential. In this fashion various design alternatives may be com- 
pared, and maintenance requirements identified. 

Channel Geometry 

TABS-1 numerical models of two different reaches were developed during 
the investigation. The downstream model included 5.53 miles of Yellow 
Creek between miles 9.43 and 14.96 and then 1.37 miles of the bypass channel 
from its confluence with Yellow Creek to the downstream end of the concrete 
chute. Initial geometry for this model was taken from 1980 Corps of Engineer 
surveys. The upstream model included the bypass channel upstream from the 
concrete chute (mile 1.7) to the mouth of Bennetts Fork (mile 3.9). Initial 
channel geometry for this model was taken from Corps of Engineer surveys 
taken after removal of sediment deposits in 1978. During the course of the 
study, the 1978 geometry was modified to include a low-flow channel. The 
average bed elevations in the modified cross sections were the same as for the 
1978 cross sections. The base width and depth of the low-flow channel were 
based on the actual low-flow channel that was identified from 1987 surveys. 
These 1987 surveys were used to determine sediment accumulation between 
1978 and 1987 in the prototype, and as initial geometry to calculate sediment 
deposition between 1987 and 1992. The channel was resurveyed in January 
1992, and these data were used to determine prototype deposition. Numerical 
model cross-section locations and model boundaries are shown in Figure 3. 

Hydrographs 

Discharge hydrographs are simulated in the numerical model by a series of 
steady-state events. The duration of each event is chosen such that changes in 
bed elevation due to deposition or scour do not significantly change the 
hydraulic parameters during that event. At relatively high discharges, dura- 
tions need to be short; time intervals as low as 8 hours were used for flood 
peaks in the historical histograph. Time-steps of 15 minutes were used for the 
Standard Project Flood. At low discharges, the time interval may be extended. 
Time intervals up to 6 days were used during the historical simulations. 

A hydrograph simulated by a series of steady-state events of varying dura- 
tions is called a histograph. The historical histograph used in the numerical 
model was based on data from the U.S. Geological Survey's (USGS) gage on 
Yellow Creek. The gage is located at mile 11.4; prior to 1970 it was located 
at mile 13.1. Mean daily discharges greater than 200 cfs were used to develop 
a historical histograph between January 1978 and September 1991. Sediment 
transport was found to be negligible when the discharge on Yellow Creek was 
less than 200 cfs. In addition to mean daily flows, 20 peak discharges greater 
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than 3,000 cis were reported between 1978 and 1991. Mean daily flows were 
adjusted to account for the increased sediment transport potential at high-flow 
events. Reported peaks were assigned a duration of 8 hours and the corre- 
sponding mean daily flow was reduced to maintain the same runoff volume. 
The &hour duration was chosen based on durations of actual flood hydro- 
graphs measured in July 1%5 and July 1%7.' The 14-year historical 
histograph is shown in Plate 1. The abscissa on this plate is discontinuous 
because discharges less than 200 cis were excluded. 

Tributary inflow distributions for the historical and the Standard Project 
Flood histographs were determined from the Standard Project Flood peak flow 
percentages.1 The discharge in the diversion canal upstream from the Yellow 
Creek confluence was 89 percent of the flow in Yellow Creek at the gage. In 
the diversion canal upstream from Stony Fork, the discharge was 51 percent of 
the Yellow Creek flow. 

An average annual flow histograph was used to determine average annual 
deposition. USGS discharge duration data were used to develop this histo- 
graph. The period of r m r d  was 46 years (1941-1987). The data included 
discharges as high as 6,300 cis. Discharge durations for larger events were 
estimated using seven peak discharges, greater than 7,000 cfs, that occurred 
between 1941 and 1987, assuming that their hydrograph shape was similar to 
the July 1%5 flood hydrograph. This allowed for inclusion of discharges up 
to 11,000 cfs. An annual flow duration histograph was developed by assuming 
a symmetrical shape, and is compared to the 1978 annual hydrograph in 
Plate 2. This plate demonstrates that approximately equal volumes of runoff 
occur for both hydrographs, but distributions are significantly different. 

Downstream Water-Surface Elevation 

Water-surface elevation rating curves at the downstream boundary of the 
numerical model were taken from HEC-2 backwater calculations provided by 
the U.S. Army Engineer District, Nashville. At mile 9.43 on Yellow Creek, 
normal depth was assumed. On the bypass channel, backwater calculations 
upstream from the concrete chute defined the water-surface elevation at 
mile 1.70. 

Bed Material 

Bed material samples were collected from Yellow Creek and the bypass 
channel in March 1989 by engineers from WES and Nashville District. These 
samples indicated a wide variation in sizes (Plates 3-5). The stream channel is 
composed of two distinct classes of material. The low-flow channel in the 

U.S. Army Engineer District, Nashville, 1971. 
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bypass channel is composed primarily of sand and gravel, while the bars, 
banks, and benches are composed primarily of fine sand and silt. Channel 
surveys of the bypass channel indicated that deposition occurs primarily on the 
bars and benches. Field observations in Yellow Creek downstream of the 
bypass channel indicated that fine sediments were depositing in slack-water 
areas, along the banks and behind vegetation. It was also observed during the 
field investigation that several portions of Yellow Creek are armored with 
large flat cobbles. These alternate with sections of coarse sand and gravel 
beds in typical riffle-pool sequences. Surveys were not extensive enough to 
identify all of the riffles and pools. Therefore, average bed gradations were 
used in the numerical model. Some sections, identified as riffles during model 
adjustment, were assigned immobile beds to prevent excessive scour in the 
model. 

Channel Roughness 

Hydraulic roughness is influenced by grain size, bed form, water depth, 
bank roughness, changes in channel shape, and changes in flow direction or 
concentration of flow due to bends and confluences. In the one-dimensional 
numerical model these effects are accounted for by the Manning's roughness 
coefficient. The roughness coefficient may vary significantly with discharge 
and time. The influence of grain roughness is known to decrease with 
increases in depth. Resistance due to bed forms can decline dramatically when 
dunes are washed out and replaced by a plane bed or antidunes. Greater 
momentum at high flows increases resistance due to channel bends and conflu- 
ences. Local scour at high flow also tends to make channel cross sections 
more irregular, increasing roughness. In Yellow Creek and the bypass chan- 
nel, the effects of vegetation on the banks are more significant than other 
factors in determining total channel roughness. High-water marks from events 
of known magnitude and hydraulic geometry are frequently used to estimate 
roughness coefficients in cases where vegetation plays such a significant role. 
High-water marks from the 11,300-cis peak flood of April 1977 were used by 
the Nashville District to estimate Manning's roughness coefficients for existing 
channel conditions in their HEC-2 backwater model. Channel roughness coef- 
ficients ranged between 0.030 and 0.043. 

Adjustment of the HEC-2 roughness coefficients was required in the 
TABS-1 numerical model. Overbank roughness coefficients in the HEC-2 
model varied laterally; and since this option is not available in the TABS-1 
model, average overbank coefficients were determined. Also, bridge losses are 
not calculated in the TABS-1 model and must be approximated by increases in 
roughness coefficients. This was done at the railroad bridge at mile 14.15 on 
Yellow Creek. Losses at other bridges were found to have an insignificant 
effect on sediment transport. Further adjustments to channel roughness coeffi- 
cients were required in the TABS-1 model to account for loss of channel con- 
veyance area due to deposition. This was accomplished by running a series of 
steady-state discharges for short durations in the TABS-1 model and compar- 
ing calculated water-surface elevations to those from the HEC-2 model. The 
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average channel roughness coefficient was 0.036 in the TABS-1 model com- 
pared to 0.038 in the HEC-2 model. With the roughness coefficient adjust- 
ment, calculated water-surface elevations in the TABS-1 and HEC-2 models 
were within 0.1 ft. 

Sediment Inflow 

Available sediment inflow measurements were inadequate to define sedi- 
ment inflow for the entire range of historical and design discharges. Therefore 
sediment inflow was used as an adjustment parameter in the numerical models. 
An initial estimate of sediment inflow to the upstream model was determined 
by calculating average sediment transport capacity at the five cross sections 
farthest upstream. Sediment inflow was then reduced or increased by equal 
percentages in the adjustment phase of the study. Calculated outflow from the 
upstream model was used as inflow to the downstream model. 

Sediment inflow concentrations from Stony and Bennetts Forks were taken 
to be the same because of the drainage basins' similarities. Sediment inflow 
from Little Yellow Creek is unknown, but is assumed to be considerably less 
than the bypass channel tributaries' drainage because of the effects of Fern 
Lake dam. Sediment inflow concentrations were arbitrarily taken to be 50 per- 
cent of those at Stony and Bennetts Forks. The sensitivity of this assumption 
was tested during the adjustment phase of the study. 

Transport Function 

Five transport functions were considered for use in this study: Ackers- 
White (1973); Laursen-Madden (USAEHEC 1991); Meyer-Peter and Muller 
(M-PM) (1949); Toffaleti (1968); Yang (1973, 1984); a combination of the 
Toffaleti and Meyer-Peter and Muller equations; and the Laursen-Copeland 
function, which is a modification of the Laursen function (Laursen 1958) 
developed for sand and gravel streams (Copeland and Thomas 1989). Without 
adequate measured data, it is not possible to effectively evaluate the applicabil- 
ity of the various functions. Average calculated sediment transport potential of 
very fine sand (VFS) from the five upstream cross-sections in the diversion 
canal are shown in Plate 6. The Ackers-White and Meyer-Peter and Miiller 
functions produced results considerably different from the other functions and 
were not given further consideration. Although the Toffaleti and Laursen- 
Madden functions are known to be appropriate for sand-bed streams, their 
application to coarse sand and gravel streams is unsatisfactory. The Yang 
functions were developed for single grain size analysis, and may produce dis- 
continuous results when applied in a multiple grain size analysis. The com- 
bined Toffaleti and Meyer-Peter and Miiller and the Laursen-Copeland func- 
tions have been applied successfully to sand and gravel streams similar to 
Yellow Creek. 
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The Laursen-Copeland sediment transport function was used in this study. 
The new transport function was developed for streams with both fine and 
coarse sediment transport. It has been applied to numerical model studies on 
Corte Madera Creek in California (Copeland and Thomas 1989) and the 
Waimea River in Hawaii (Copeland 1990). The Laursen-Copeland function 
incorporates data for transport of gravels in addition to the sand data used to 
develop the original Laursen function. There are also differences in the way 
hydraulic parameters are calculated 

Laursen (1958) calculated grain shear stress using the mean depth of flow: 

where 

t' = grain shear stress 
p = water density 
V = average velocity 

d50 = particle size of which 50 percent of the bed is finer 
D = mean flow depth 

Mean flow depth is replaced by the hydraulic radius due to grain roughness, 
R i  in the Laursen-Copeland function: 

Rbl is calculated using the Limerinos (1970) equation, as restructured by 
Burkham and Dawdy (1976): 

v Rb 
= 3.28 + 5.75 log - 

\IgRbs d, 

where 

g = acceleration due to gravity 
S = energy slope 

dM = particle size of which 84 percent of the bed is finer 
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These equations are dimensionally homogeneous and can be applied with any 
consistent set of units. 

Laursen accounted for bed-load transport using a function of the ratio of 
applied to critical shear stress: 

where tCi is the critical shear stress for size class i. The critical shear stress is 
obtained from the Shields equation: 

where 

€Ici = critical Shields parameter for size class i 
ys = specific weight of sediment 
y = specific weight of water 
di = mean diameter of size class i 

Laursen assumed €Ici had a constant value of 0.039. However, Paintal (1971) 
determined that the critical Shields parameter varied with applied shear stress. 
When the dimensionless shear stress for a size class i, €Ii, was less than 0.05, 
he found that the critical shear stress decreased significantly. Dimensionless 
shear stress is determined from the following equation: 

where t is the total applied shear stress. This variation in critical shear stress 
is accounted for in the Laursen-Copeland function by varying the critical 
Shields parameter between 0.039 and 0.020 when the dimensionless shear 
stress is less than 0.05. The higher value, recommended by Laursen (1958), 
was used when €Ii was greater than 0.05. The lower limit was determined by 
Andrews (1983). The effect of this change is that initiation of motion for 
coarser particles occurs at lower shear stresses, and the transport potential of 
coarser particles is increased. 

Eaursen (1958) used a function of the ratio of total shear vdocity u* to the 
particle fall velocity wi to account for suspended sediment transport. In the 
Laursen-Copeland function, this ratio was modified by including sand and 
gravel data from both flumes and rivers and by replacing total shear velocity 
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with grain shear velocity in the functional relationship. A new functional 
relationship, based on data from both rivers and flumes, was developed for the 
Laursen-Copeland function. The functional relationship and data scatter are 
shown in Plate 7. Flume data gathered under more controlled conditions have 
significantly less scatter than the river data. 

Sediment transport is calculated using the following formula: 

where 

C, = concentration in weight per unit volume 
N = number of grain sizes 
fi = fraction of grain size class i in the bed 

u*' = grain shear velocity 
f (u*'loi) = function defined in Plate 7 

This function is considered to be a refinement to Laursen's original equation 
and is based on a wider range of physical data. The primary benefit is that it 
moves coarser sediments better than other functions. The sediment-transport 
function is very sensitive to grain size and to the fraction of fine-sand size 
classes in the bed. Very large sediment transport capacities may be calculated 
using this equation if the fraction of fine sands in the bed is not representative 
of equilibrium flow conditions. This problem is typical of "stand-alone" sedi- 
ment transport calculations using independently determined hydraulic and 
sediment variables. The problem is not as prevalent in a numerical model 
application, because the hydraulic and sediment variables become dependent 
on each other, and the model's sorting and armoring algorithm tends to adjust 
the sand fraction on the bed with the sediment inflow. 
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3 Model Adjustment 

Adjustment to 1978-1987 Surveys 

The numerical model of the bypass channel was adjusted to simulate the 
measured accumulated aggradation between 1978 and 1987 surveys. The 
primary adjustment parameter was sediment inflow. Average sediment 
transport capacity for a range of discharges was determined for the five 
upstream cross sections in the bypass channel, and then inflow was adjusted by 
a constant percentage until the total simulated accumulation of sediment in the 
bypass channel was the same as the measured accumulation. Sediment inflow 
rating curves for Stony Fork were the same as at the upstream boundary. 
Three adjusted numerical models were developed. The first consisted of a 
single grain size (very fine sand), and sediment transport was calculated using 
the Laursen-Copeland function. The next two adjusted models developed were 
multiple-grain-size models which simulated sediment sizes between 0.004 and 
256 mm. One of these models used the Laursen-Copeland function to cal- 
culate sediment transport, and the other used the combined Toffaleti and 
Meyer-Peter and Miiller functions. Comparisons of calculated and measured 
longitudinal cumulative aggradation are shown in Figure 4. 

Measured sediment inflow data for Bennetts and Stony Fork were limited, 
with no data for discharges greater than 1,000 cfs. However, the existing data 
are useful for checking the reasonableness of the adjusted sediment inflow 
curves. The adjusted total sand inflow curves for the three numerical models 
are compared to sampled data in Plate 8. A similar comparison for total sedi- 
ment inflow is shown in Plate 9. 

The advantage of the multiple-grain-size models was that the longitudinal 
distribution of sediment deposition was closer to that measured in the proto- 
type. In addition, the adjusted sediment inflow curves were closer to the mea- 
sured data. However, the calculated gradation of deposited material was much 
coarser than the prototype material found in the benches along the low-flow 
channel. Appropriate quantities of deposited fines in the benches could not be 
obtained with the multiple-grain-size models using sediment inflow concentra- 
tions extrapolated from the measured data. 
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Figure 4. Calculated and measured cumulative aggradation in bypass channel, 
1978 to 1987 

The advantage of the single-grain-size model was that the deposited 
material was composed of fine material just like that of the benches in the 
prototype. However, the adjusted sediment inflow at low flow was consider- 
ably higher than measured values, and the longitudinal distribution of the 
deposit was not as good as with the multiple-grain-size models. 
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The TABS-1 numerical model uses average hydraulic parameters to cal- 
culate sediment erosion, transport, and deposition. It does not account for 
lateral variation in hydraulic conditions and sedimentation processes. Based on 
bed samples and field observations, it is concluded that there are two distinct 
sedimentation process occurring in the channel. Coarse sand and gravel are 
deposited at the upstream end of the bypass channel and at the confluence with 
Stony Fork. This occurs primarily at high discharges when the larger sized 
material can be moved by the flow. Deposition of fine sand and silt also 
occurs in the channel in a bench adjacent to the low-flow channel. The 
hydraulic conditions that precipitate this bench deposit are uncertain. Flow 
separation and eddy development at high flow could be responsible, or deposi- 
tion could occur on the recession of the flood hydrograph when flow depths 
and transport capacity on the bench become significantly less than in the 
low-flow channel. 
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Circumstantiation of Upstream Model 

The Yellow Creek bypass channel was resurveyed in January 1992. 
Between 1987 and 1992, a nef accumulation of about 22,400 cu yd was calcu- 
lated using the average end area method and 28 cross sections. About 
11,400 cu yd were eroded from the channel between the concrete chute at 
mile 1.70 and mile 2.1, while between miles 2.1 and 3.89, about 33,800 cu yd 
were deposited. Measured accumulated aggradation upstream from the 
concrete chute is shown in Figure 5. 

Figure 5. Measured accumulated aggradation in bypass channel between 1987 and 1992 

The predictive capability of the TABS-1 numerical model of the bypass 
channel was tested using the results from the new survey. The historical hydro- 
graph was extended from September 1987 to September 1991 using USGS 
mean daily flow data from the Yellow Creek near Middlesboro gage. Five 
peak flows above 3,000 cfs occurred through September 1990, and these data 
were used to adjust mean daily flow discharges. No adjustment was made to 
discharges for water year 1991. The total historical simulation totaled 
13.75 years. 

Chapter 3 Model Adjustment 



The numerical model was tested using two different initial geometries. The 
1987 surveyed cross sections were used with the 1987-1991 hydrograph. The 
1978 surveyed cross sections, adjusted to include a low-flow channel, were 
tested with the 1978-1991 hydrograph. The numerical model did not predict 
the 1987-1992 prototype degradation that occurred between miles 1.7 and 2.1. 
This discrepancy is attributed to differences in bed material downstream from 
mile 2.1. When bed samples were collected in March 1989, no samples were 
obtained from this reach because water depths were too great for wading and a 
boat was not available. It is expected that this reach contains significantly 
finer bed material than the average determined from upstream samples. High 
runoff events could be responsible for the removal of fine material in the 
downstream reaches before the 1992 survey. In any event, the numerical 
model is not considered verified for predicting the behavior of the bed between 
the concrete chute and mile 2.1. 

The numerical model was very successful in reproducing measured 
aggradation upstream from mile 2.1, as shown in Figure 6. The numerical 
simulation using 1987 cross sections for initial conditions reproduced 99 per- 
cent of the measured deposition. The calculated deposition between 1987 and 
1991 from the numerical simulation using the 1978 cross sections for initial 
conditions reproduced 102 percent of the measured deposition. These results 
are remarkably consistent for sedimentation studies, and the numerical model 
is considered circumstantiated for predicting deposition upstream from 
mile 2.1. 

Adjustment to Equilibrium Transport 

The existing Yellow Creek channel downstream from the bypass channel is 
considered relatively stable, and the downstream numerical model was adjusted 
to obtain a channel with minimum calculated bed change. Several model 
adjustments were found to have an insignificant effect on results. These 
included varying the initial bed material gradations in the pool and riffle 
sections, varying the sediment inflow concentration from Little Yellow Creek, 
adjusting initial bed elevations at pools, contracting cross sections at pools, and 
varying roughness coefficients with depth. Other adjustments were found to 
be significant and were incorporated into the model. Adjustments were made 
to the initial bed material gradation downstream from mile 12.13 where the 
model initially calculated excessive degradation. In this reach the initial bed 
material gradation was coarsened based on calculated bed gradations at the end 
of several days of high flows. Cross sections upstream from bypass channel 
mile 0.49 were assigned nonerodible beds because of excessive calculated 
scour that was not apparent in the prototype. This assignment is reasonable 
due to the presence of shale bedrock very near the thalweg elevation at 
mile 0.49, as shown in Plate 10, which is a cross section of the soil stratum 
based on 1937 borings. Nonerodible beds were also assigned to cross sections 
between miles 11.37 and 11.85. 
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Figure 6. Calculated and measured accumulated aggradation in bypass channel upstream from 
mile 2.1 between 1987 and 1992 

It was determined during the model adjustment that an important streambed 
control exists between miles 11.37 and 11.85. Surveyed sections in this 
vicinity indicate a general rise in the normal streambed profile. This could be 
due to a bedrock outcrop, a resistant bed layer, or a major gravel bar. Initial 
model runs showed that cross sections in this reach had potential for consider- 
able degradation, which would affect water-surface elevations upstream. In 
order to simulate measured high-water elevations, these cross sections were 
given nonerodible bottoms in the numerical model, which in turn resulted in an 
increase in calculated deposition upstream. The nature of the streambed at this 
location should be investigated thoroughly during the design of the improved 
channel, which calls for excavation of about 3.0 ft at mile 11.85. The sensitiv- 
ity of the model to the bed elevation at this location was tested by replacing 
the nonerodible bed with an erodible bed thickness of 2 ft. Only about 1 ft of 
degradation was calculated during the 10-year simulation. Upstream 
aggradation was reduced by about 0.3 percent. 

The calculated thalweg profiles with the adjusted model of the existing 
channel at the end of the 1978-1987 simulation are shown in Figure 7. The 
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Figure 7. Calculated bed elevation change in existing channel after 1978-1 987 simulation 

model calculated sediment accumulation in the pools upstream from the control 
at mile 11.85. This accumulation was relatively rapid during the first 2 years 
of the simulation, but the accumulation rate decreased during the next 3 years. 
As the simulation proceeded, the model adjusted to its incoming sediment load. 
The model was essentially stable after about 8,000 cu yd had deposited. Cal- 
culated accumulated deposition in the reach between miles 11.53 and 14.95 is 
tabulated in Table 1. 
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4 Study Results 

The problem of determining the most efficient cross-section shape and an 
appropriate maintenance dredging strategy for the Yellow Creek bypass chan- 
nel was addressed using the hydraulic design package for flood control chan- 
nels, SAM, and the TABS-1 sedimentation model. SAM was used to deter- 
mine an average cross-section shape that would transport the most sediment 
and thereby reduce dredging requirements. This required determining a 
channel-forming discharge and then evaluating transport capacity for various 
channel cross sections. TABS-1 was used to calculate 10-year deposition for a 
1987 base condition and for two dredging alternatives. 

Channel-Forming Discharge 

Channel-forming discharge is based on the concept that the river channel 
adjusts itself to the imposed conditions of inflowing water and sediment. In 
this study channel-forming discharge is defined as the discharge increment that 
transports the most sediment. This increment can be determined by step-wise 
integration of the flow duration and sediment rating curves. The channel- 
forming discharge for the Yellow Creek bypass channel was calculated at the 
concrete chute and upstream of the confluence with Stony Fork. 

The USGS provided a flow duration curve, based on 46 years of record, for 
the Yellow Creek at Middlesboro gage, located at mile 11.4. This curve was 
adjusted using mean daily flow records for application to the bypass channel. 
Mean daily flow at the concrete chute was determined by adding mean daily 
flow records from gages on Stony and Bennetts Forks, the sum of which, on 
the average, was about 50 percent of the mean daily flow at the Yellow Creek 
gage. Upstream from Stony Fork, mean daily flows were, on the average, 
about 25 percent of those on Yellow Creek. Flow duration curves are shown 
in Plate 11. It should be noted that mean daily flow percentages are different 
from peak discharge percentages. Statistical 100-year-frequency peak dis- 
charges and unit hydrograph discharges for the Standard Project Flood (SPF) 
are compared in the following tabulation. 

Sediment discharge rating curves were developed from data collected from 
Stony Fork and Bennetts Fork between 1985 and 1988. These data were 
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limited, and extrapolation was required for discharges above 500 cfs. Both 
total sediment loads and total sand loads were used in the step-wise integration 
to determine channel-forming discharge. 

Location 

Upstream from Stony Fork 

Concrete Chute 

The incremental integration of the flow duration and sediment transport 
curves was accomplished using SAM. Results, shown in Figures 8 and 9, 
indicate that the maximum sediment load is transported in the discharge 
interval between 100 and 200 cfs upstream from Stony Fork and between 200 
and 400 cfs at the concrete chute. These discharges are exceeded between 2 
and 6 percent of the time in the bypass channel. These relatively low values 
for the discharge increment carrying the maximum sediment load are attributed 
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Figure 8, Sediment yield by discharge interval for bypass channel upstream from Stony Fork 
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Figure 9. Sediment yield by discharge interval for bypass channel at chute 

to the very high suspended fine load in the bypass channel. The high fine load 
may be supplied by the heavy mining activity in the watershed. About two- 
thirds of the total sediment load is transported by discharges less than 800 cfs 
upstream from Stony Fork and by discharges less than 1,600 cfs at the 
concrete chute. However, only 53 percent of the sand load was transported at 
discharges less than 700 cfs upstream from Stony Fork and 50 percent at dis- 
charges less than 1,600 cfs at the concrete chute. Channel-forming discharges 
of 200 and 400 cfs were assigned for the bypass channel upstream from Stony 
Fork and at the concrete chute, respectively. 

Composite Section Design 

A composite section with a low-flow channel is designed to provide more 
efficient hydraulic conditions for sediment transport at low flow without 
sacrificing hydraulic efficiency at high flows. The SAM program was used to 
compare transport efficiency for composite sections with 2-, 4-, and 6-ft-deep 
low-flow channels. Base widths for the low-flow channel were determined by 
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averaging the base widths of existing cross sections upstream and downstream 
from the confluence with Stony Fork, which were 25 i t  and 40 ft, respectively. 
Side slopes of 1V:2H were assigned. Of course, other geometries may be 
appropriate, but using existing base widths for the low-flow channel is consis- 
tent with the geomorphic principle of the stream being the best model of itself. 
Transport capacity in a single trapezoidal channel with a 120-ft base width was 
also calculated for comparison. 

The average energy slopes for the two reaches in the bypass channel were 
determined using the HEC-2 backwater model prepared from 1978 geometry. 
Average energy slopes were determined for the bypass channel between the 
concrete chute and Stony Fork and between Stony Fork and mile 3.39. In 
general, energy slope decreased with discharge downstream from the 
confluence with Stony Fork and increased with discharge upstream from the 
confluence with Stony Fork. 

Hydraulic properties in the composite cross section were determined 
separately for both the low-flow channel and the bench. Sediment transport 
was calculated from these hydraulic parameters using the Meyer-Peterbfuller 
equation, which is appropriate for gravel-bed streams, and the Laursen- 
Copeland and Toffaleti and Meyer-PeterMiiller equations, which are appropri- 
ate for combination sand and gravel-bed streams. Results are compared in 
Plates 12-17. 

The sediment transport curves were interpreted to choose the most efficient 
composite cross section. Look first at the curves calculated using the Meyer- 
PeterMiiller equations upstream from the confluence with Stony Fork 
(Plate 12). The curves indicate that the most sediment is transported with a 
6-ft-deep low-flow channel. Since discharges below 500 cis are contained 
within the 4-ft-deep low-flow channel, the transport capacity of the 4-it and 
6-ft low-flow channels are the same below 500 cfs. Since the channel-forming 
discharge is 200 cfs, the 4-it-deep and 6-it-deep low-flow channels would 
operate with equal efficiency at that discharge. Transport capacity in the 2-ft 
low-flow channel is less for all discharges between 100 and 3,000 cfs. 
Capacity in the trapezoidal channel is negligible at discharges less than 
1,200 cfs. 

Sediment transport capacity curves calculated using the Laursen-Copeland 
and Toffaleti and Meyer-PeterfMuller equations are similar (Plates 13 and 14). 
At discharges less than about 1,500 cfs, the 6-ft low-flow channel is the most 
efficient. At discharges less than about 500 cis the 4-ft and 6-it low-flow 
channels are the same. The 2-it low-flow channel is the least efficient 
composite section. The trapezoidal cross section is more efficient in terms of 
the fine load and its efficiency increases with discharge; however, it does not 
exceed the efficiency of the 4-ft low-flow channel for discharges less than 
1,000 cfs, or the 6-ft low-flow channel for discharges less than about 
1,500 cfs. For a dominant discharge of 200 cfs the 4-ft composite is 
sufficient. 
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In the bypass channel downstream from Stony Fork, the sediment transport 
rating curves also suggest that the 6-ft-deep low-flow channel is the most 
efficient. However, at the channel-forming discharge of 400 cfs, the 4-ft-deep 
low-flow channel is equally efficient. The curves for the Meyer-Petermiiller 
equation (Plate 15) indicate that there is no transport of sediment at the chan- 
nel-forming discharge, but the Laursen-Copeland (Plate 16) and combined 
Toffaleti and Meyer-Petermiiller equations (Plate 17) indicate essentially equal 
transport capacity at the channel-forming discharge for both the 6-ft and 4-ft- 
deep low-flow channels. 

Another more detailed method for assessing the transport capacity of the 
channel is to integrate the flow duration curve with the transport curves. Sedi- 
ment yield based on capacity of the cross sections for the reach upstream of 
Stony Fork was calculated using the Laursen-Copeland function as listed in the 
following tabulation: 

The small increase gained using the 6-ft low-flow channel does not justify 
extra excavation cost, and the 4-ft low-flow channel is recommended for this 
reach. A similar analysis was conducted for the reach downstream from the 
confluence with Stony Fork as listed in the following tabulation: 

The 4-ft low-flow channel is also recommended for this reach. 

Dredging Alternatives 

The adjusted and circumstantiated TABS-1 numerical model of the bypass 
channel was used to evaluate dredging alternatives. Initial channel geometry, 
related to the depth and width of the low-flow channel, was used as one of the 
adjustment parameters. Typically, channel geometry does not significantly 
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affect calculated results. However, at certain discharges, the composite cross 
section in the Yellow Creek bypass channel induces significantly different 
hydraulic conditions on the channel bench and in ,the low-flow channel. When 
this occurs, the average hydraulic parameter assumption in the one-dimensional 
model is not representative of prototype conditions. Since deposition in the 
bypass channel was found to be sensitive to the initial channel geometry, 
reliable quantitative results cannot be obtained from the numerical model when 
evaluating various channel geometries. Another way of stating this dilemma is 
that the model cannot be used to evaluate a parameter that was also an adjust- 
ment parameter. This effect was minimized by retaining the same initial cross- 
section shape in the dredging evaluations. Different dredging schemes were 
identified by raising or lowering the cross-section elevation. 

Dredging alternatives were evaluated by calculating deposition in the by- 
pass channel using the 1978-1987 hydrograph. Calculated depositions were 
compared for the same 10-year hydrograph using the existing (1987) channel 
geometry as a base test. Dredged cross sections for the alternatives were 
assigned a composite geometry with a 4-ft-deep low-flow channel 25 ft wide 
upstream from Stony Fork and 40 ft wide downstream from Stony Fork. 
Dredging occurred between miles 2.75 and 3.48. The first alternative was to 
dredge about 26,000 cu yd to about the same average elevation as the 1978 
dredging operation. The second alternative was to dredge about 44,100 cu yd 
to an average elevation about 1 ft lower than the 1978 dredging operation. 

Aggradation in the bypass channel was calculated using the multiple-grain- 
size Laursen-Copeland transport function. The progression of total accumulated 
sediment in the bypass channel for the 14-year simulation is shown in Fig- 
ure 10. In this figure, initial dredging volumes are indicated on the ordinate. 
Average accumulation rates in the bypass channel based on the 1978-1991 
hydrograph and percent increase in dredging with the dredging alternatives are 
shown in the following tabulation: 

Sensitivity to Transport Function 

Alternative 

1987 Geometry 

Alternative 1 

Alternative 2 

The Toffaleti and Meyer-Petermiiller multiple-grain-size transport function 
was used to evaluate model sensitivity to transport function and sediment 
inflow. Sediment inflow for the Toffaleti and Meyer-PeterMiller equation 
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78,300 

86,400 

95,500 
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3 years 

5,320 

8,180 

9,230 

10 years 

3,980 

5,140 

5,780 

14 years 

5,600 

6,170 

6,820 
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Figure 10. 14-year progression of accumulated sediment deposition in bypass channel for 
dredging alternatives using Laursen-Copeland function 

was determined in the same manner as with the Laursen-Copeland function: 
by adjusting the sediment inflow until the 1978-1987 aggradation simulated 
measured aggradation using 1978 geometry with an imposed low-flow channel 
for initial conditions. In the evaluation of dredging alternatives, the same 
channel geometry and hydrographs were used with the two multiple-grain-size 
sediment transport functions. Average accumulation rates in the bypass 
channel based on the 1978-1991 hydrograph are shown in the following 
tabulation: 
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Variations between the results of this test and the test using the Laursen- 
Copeland function are attributed to differences in sediment inflow and trans- 
port function, and how the two functions respond to changes in channel 
geometry. This comparison provides a confidence interval for the numerical 
results. 

The Meyer-PeterIMiiller equation was used as a single-grain-size transport 
function to evaluate the effect of the dredging alternatives on bed load. Fine 
gravel (5.6 mm) was used as the representative grain size in the model. Model 
results showed that about 97 percent of the inflowing bed load was trapped in 
the bypass channel regardless of the initial geometry. For all cases tested, 
most of the deposition was immediately downstream from the confluence with 
Stony Fork and between the confluence of Stony Fork and mile 3.63. This 
test showed that bed load accumulation is not significantly influenced by the 
dredging alternatives tested. 

Finally the single-grain-size model using very fine sand and the Laursen- 
Copeland function was tested. When the progressive accumulation of sediment 
for the 10-year hydrograph was plotted, it was apparent that calculated results 
showed no progression at all, but rather an annual oscillation. The model 
showed deposition in low-flow years and degradation in high-flow years. This 
result is contrary to known conditions where flood years bring the greatest 
accumulation of sediment. Due to this inconsistency with prototype behavior, 
the fine-grain single-size analysis was discontinued. 

Long-Term Effects 

The long-term effects of dredging alternatives were evaluated by calculating 
deposition in the bypass channel using the 1978-1991 hydrograph repeated 
four times for a 55-year simuIation. 

Aggradation in the bypass channel was calculated using the multiple-grain- 
size Laursen-Copeland transport function. The progression of total accumulated 
deposition in the bypass channel for the 55-year simulation is shown in Fig- 
ure 11. In this figure, initial dredging volumes are indicated on the ordinate. 
Accumulation rates and percent increase in dredging with the dredging alterna- 
tives are shown in the following tabulation. Accumulation rates shown are 
cumulative for the number of years indicated. 

Sediment deposition for the 55-year simulation significantly altered cross- 
section geometry and depleted flood conveyance upstream from mile 2.5. In 
the numerical model, movable-bed limits had to be extended to allow for a 
wider depositional area. The significant change in cross-section shape further 
strained the average hydraulic parameter assumption inherent to the one- 
dimensional TABS-1 code. As the simulation progressed, the model results 
became more questionable. The calculated accumulation rates are interesting 
for comparison, but the 55-year deposition quantities are impractical, unless 
levee heights are increased. 
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Figure 11. 55-year progression of accumulated sediment deposition in bypass channel for 
dredging alternatives using Laursen-Copeland function 

Using the 1978-1991 hydrograph, it took about 4 years for alternative 1 to 
fill back to predredging conditions and about 6.5 years for alternative 2. 
During the first 3 years, accumulation rates were 154 and 173 percent of the 
undredged channel for alternatives 1 and 2, respectively. However, as the 
channel filled with sediment, the accumulation rates decreased, and there was 
!ess and less distinction between the alternatives. After the first 28 years, dif- 
ferences in accumulation rates may be on the same order or magnitude as the 
accuracy of the numerical model, and results must be interpreted with care. It 
may be concluded, however, that even though the rates decrease, the decrease 
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Alternative 1 

Alternative 2 
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is relatively small, and equilibrium conditions will not be attained in the 
Yellow Creek bypass channel even after 55 years. 

Standard Project Flood 

The performance of dredging alternatives during the Standard Project Rood 
was compared using the numerical model. The Standard Project Flood hydro- 
graph was supplied by the Nashville District. The calculated discharge at the 
concrete chute was used in the model from the downstream boundary to the 
confluence with Stony Fork; and the calculated discharge upstream of the 
Stony Fork confluence was used from that point to the upstream model 
boundary. The sediment inflow rating curve for the numerical model was 
extrapolated beyond discharges used to circumstantiate the model. This results 
in some degree of uncertainty with respect to predicting actual prototype per- 
formance and must be considered when interpreting results. 

Aggradation in the bypass channel during the Standard Project Flood was 
calculated using the multiple-grain-size Laursen-Copeland transport function. 
Total sediment accumulation in the bypass channel at the peak and at the end 
of the Standard Project Flood are shown in Figures 12 and 13, respectively. In 
these figures, initial dredging volumes are indicated on the ordinate. Total 
sediment accumulation volumes for the dredging alternatives are shown in the 
following tabulation: 

Calculated water-surface elevations at the Standard Project Flood peak for 
initial bed conditions and for calculated bed conditions considering sediment 
deposition are shown in Table 2. The numerical model does not include losses 
due to bridges, so that these profiles should be used for comparison only. 

Assessment of Downstream Design 

Alternative 

1987 Geometry 

Alternative 1 

Alternative 2 

The proposed Yellow Creek design channel downstream from the bypass 
channel calls for increasing the channel width to 100 ft through most of the 
study reach between miles 11.85 and 14.96, and lowering the bed elevation at 

At End 
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Figure 12. Longitudinal accumulated sediment deposition in bypass channel at peak of 
Standard Project Flood 

mile 11.85 by about 3 it. The numerical model's geometry was revised to 
account for these changes and tested with the 1978-1987 hydrograph. 
Increases in calculated degradation or aggradation from the existing channel 
were attributed to the design of the proposed channel. During the first year, 
34,100 cu yd of aggradation and 3,900 cu yd of degradation were calculated. 
After 10 years, 44,700 cu yd of aggradation and 11,300 cu yd of degradation 
were calculated. Calculated net accumulated deposition for the design channel 
and the sediment deposition attributed to the channel improvements are shown 
in Table 3 and Figure 14. Comparing the difference in calculated accumula- 
tions between the existing and design channels shows that, on the average, 
about 32,000 cu yd of sediment deposition can be expected in the proposed 
channel unless an annual maintenance program is implemented. Most of this 
accumulation would occur during the first year. 

Interpreting model results in pool sections is difficult. The numerical 
model calculates sediment deposition in pools, which are identified by dips in 
the channel invert profile, in an attempt to produce a uniform bed slope. In 
both the existing and design channels, the numerical model calculated about 
the same depth of deposition at pools located at miles 13.35 and 12.47. 
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rum BASE TEST AT END OF RUN 

Figure 13. Longitudinal accumulated sediment deposition in bypass channel at end of 
Standard Project Flood 

However, a larger volume of sediment deposited in the design channel because 
it is wider. In the model of the existing channel, deposition in the pools can 
be attributed to two-dimensional effects not accounted for in the one- 
dimensional model. These include flow concentrations due to contractions, 
bends, or obstructions. The design channel will be more streamlined with a 
constant width in most reaches, so that the presence of two-dimensional effects 
is less likely. Therefore, deposition in pool cross sections in the design 
channel cannot be ignored. 

In addition to the pools, significant sediment accumulation was calculated 
in the first 0.5 mile of the improved channel. This accumulation is attributed 
to the decrease in sediment transport potential with the widened channel so 
that it is unable to transport all of the incoming sediment load. 

The numerical model of the design channel indicated that degradation 
would occur in reaches where the channel was not widened. Local scour pro- 
tection should be provided at these locations. Estimates of degradation were 
made based on differences in calculated bed changes between the existing and 
design channels. At mile 13.02 the channel was not widened due to con- 
straints by highways on both sides of Yellow Creek, and about 1.1 ft of 
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ATTRIBUTED TO DESIGN 

4.0 6.0 6.0 7.0 8.0 9.0 10.0 11.0 12.0 

Figure 14. Calculated net sediment accumulation between miles 11.53 and 
14.96 for existing and design channels 

degradation was calculated. Lowering of the bed at mile 11.85 could also be a 
contributing factor to the degradation at mile 13.02. Degradation of about 
1.6 ft was calculated at the railroad bridge at mile 14.15 where the channel 
retained its existing width in the proposed design. Degradation of about 3.7 it 
occurred in the diversion canal upstream from its confluence with Yellow 
Creek. This degradation is attributed to lowering of the water-surface eleva- 
tions in the improved creek channel. This problem could be corrected with a 
head cut control structure. Otherwise, degradation may be accompanied by 
lateral migration of the stream, which could threaten existing levees and 
adjacent property. 

The difference in calculated bed change and volume accumulation between 
the existing and proposed channels is shown in Figure 15. In the pools, bed 
change differences were small, but due to the wider channel in the proposed 
design, sediment accumulation was greater. 

Adjustment for Deposition 

For purposes of calculating design water-surface elevations, design invert 
elevations should be increased to account for sediment deposition. Deposition 
depths were determined using the difference in calculated accumulated 
volumes at each cross section rather than the difference in bed change. Bed 
elevations can be calculated from the volume differences using the reach 
lengths and movable-bed widths from the numerical model. The adjusted 
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Figure 15. Difference in calculated bed change and sediment accumulation, by reach, 
between existing and design channels after 1978-1 987 hydrograph 

initial bed elevations were incorporated into the numerical model, which was 
run with the 10-year historical hydrograph. The results of this test indicated 
that further increases of bed elevations in the pool sections would be appropri- 
ate. A second test with the refined initial bed elevations produced the recom- 
mended design invert elevations shown in Table 3. The difference in calcu- 
lated net accumulated volumes between the existing and design channels with 
the revised invert elevations after the 10-year simulation was only 2,700 cu yd, 
compared to 33,400 cu yd with the original bed elevations. This included 
14,600 cu yd of aggradation, 60 percent of which occurred in the first 0.5 mile 
downstream from the diversion canal; and 11,900 cu yd of degradation, 
72 percent of which occurred due to constrictions at miles 14.15, 13.02, and 
12.80. 

Average Annual Deposition 

Average annual deposition can be determined using a representative annual 
hydrograph or a long-term historical hydrograph. This determination is com- 
plicated for the design channel due to its initial instability with respect to sedi- 
ment transport. The numerical model investigation demonstrated that signifi- 
cant sediment deposition will occur initially, decreasing with time. In the first 
year (1978) of the historical simulation, a total of 34,100 cu yd and a net of 
30,200 cu yd deposited in the design channel. This rate of deposition 
decreased as the simulation proceeded, so that after 10 years, a total of 
44,700 cu yd and a net of 33,400 cu yd deposited. Using a 10-year average, 
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total and net average annual depositions of 4,500 and 3,300 cu yd, 
respectively, are calculated. 

Another way to calculate the average annual deposition is using the flow 
duration hydrograph. The flow duration hydrograph has the advantage of 
including the effects of infrequent high discharges; however, its flow distribu- 
tion is unrealistic in terms of an actual annual runoff season. The flow dura- 
tion hydrograph is compared to the 1978 hydrograph in Plate 2. Total sedi- 
ment inflow using the flow duration hydrograph was about 11 percent lower 
than with the 1978 hydrograph, which indicates that the 1978 hydrograph had 
slightly more runoff than an average annual hydrograph. Comparing the dif- 
ference in calculated sediment deposition between the existing and design 
channels using the flow duration hydrograph, a total of 16,700 cu yd of aggra- 
dation and 9,600 cu yd of degradation were calculated in the channel on an 
annual basis. 

The discrepancy in average annual deposition calculations using the differ- 
ent methods is attributed to the importance of intermediate discharges to sedi- 
ment deposition in Yellow Creek and the initial sediment transport deficiency 
in the design channel. Under these conditions, it is more appropriate to use a 
realistic hydrograph. Therefore, average annual deposition calculated using the 
1978 hydrograph is adopted for determining annual maintenance estimates for 
a channel returned to its design condition every year. 

Sensitivity Tests in Downstream Channel 

The sensitivity of numerical model results to sediment inflow was evalu- 
ated. Envelopes of the calculated outflow from the upstream numerical model 
using the 1978-1987 hydrograph were used to determine high and low sedi- 
ment inflow rating curves. When sediment inflow was reduced by 50 percent, 
sediment accumulation in the design channel after the 10-year simulation was 
reduced about 34 percent. When the sediment inflow was increased by 80 per- 
cent, sediment accumulation in the design channel at the end of the 10-year 
simulation increased by 43 percent. These results demonstrate that sediment 
deposition in the design channel is sensitive to sediment inflow. The general 
distribution of sediment is not sensitive to sediment inflow, as shown in 
Figure 16. 

Measured suspended sediment data were used to develop a sediment inflow 
rating curve that had lower concentrations at low discharges. This curve was 
based on data from gages on Yellow Creek, Bennetts Fork, and Stony Fork, 
taken at primarily low discharges. Most of the data are for total sediment 
concentration, and just a few include a particle size analysis that identifies the 
sand load. The sand inflow curve was determined optically from the plotted 
data up to 1,000 cfs. Above this discharge, the calculated sediment inflow was 
used. The sediment inflow rating curves are compared in Plate 18. The 
revised sediment inflow curve was incorporated into the numerical model and 
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Figure 16. Difference in calculated sediment accumulation, by reach, between 
existing and design channels after 1978-1 987 hydrograph, testing 
model sensitivity to sediment inflow 

run with the design and existing channel, and was found to have an insignifi- 
cant effect on study results. The accumulated sediment deposition in the 
design channel with the calculated and measured sediment inflow curves after 
the 10-year simulation is shown in Plate 19. 

The numerical model was used to test the effect of decreasing the design 
roughness coefficients in the improved channel. In the original design, the 
roughness coefficients for the design channel were assigned the same value as 
for the natural channel. If the bank roughness is significantly higher than the 
bed roughness, then widening the channel should reduce the composite channel 
roughness coefficient. Using the Limerinos equation and a DM of 10 rnm a 
bed roughness of 0.022 was determined. A bank roughness of 0.050 was then 
calculated assuming a composite roughness of 0.038 in the existing channel. 
Using these values, a composite roughness coefficient of 0.030 was calculated 
for the improved channel. This value was incorporated into the numerical 
model to test the effect of the possible lower design roughness coefficients. At 
the end of the 10-year simulation, accumulated aggradation attributed to the 
design channel with the original invert elevations was about 10 percent or 
3,200 cu yd less with the lower roughness coefficients. An additional 1.1 ft of 
scour occurred in the diversion channel upstream from the confluence with 
Yellow Creek. 
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5 Conclusions and 
Recommendations 

Conclusions 

The TABS-1 numerical model was adjusted to simulate measured deposi- 
tion between 1978 and 1987 in the Yellow Creek bypass channel. The 
adjusted model was circumstantiated by successfully simulating aggradation 
between 1987 and 1991 in the bypass channel upstream from mile 2.1, which 
was the reach of primary interest in terms of dredging. The numerical model 
could then be used to evaluated dredging alternatives in the bypass channel 
upstream from mile 2.1. 

The numerical model of Yellow Creek between miles 9.43 and 14.96 and 
the bypass channel between miles 0.0 and 1.38 was adjusted to obtain mini- 
mum calculated bed change over a 14-year period. The adjusted model of 
existing conditions stabilized after about 8,000 cu yd had deposited. This 
quantity was subtracted from calculated deposition in the proposed enlarged 
channel to obtain projected deposition quantities. 

The TABS-1 model was used to evaluate two dredging alternatives in the 
bypass channel. Alternative 1 called for 26,000 cu yd of dredging, and alter- 
native 2 called for 44,100 cu yd. Using the 1978-1991 hydrograph, alterna- 
tive 1 took 4 years to aggrade back to predredging conditions, and alterna- 
tive 2 took about 6 years. During the first 3 years, accumulation rates were 
154 and 174 percent of the undredged channel for alternatives 1 and 2, 
respectively. Thus, both initial and maintenance dredging quantities would be 
greater with alternative 2, but dredging would be required less frequently. An 
economic analysis would be required to determine which alternative was the 
most cost effective. 

Deposition rates for both dredging alternatives and the existing channel 
generally declined with time; but even after 55 years of simulation, an 
equilibrium condition, where inflowing sediment could be transported through 
the reach, was not achieved. 
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Sediment deposition in the bypass channel prior to the peak of the Standard 
Project Flood had a significant effect on calculated water-surface elevations. 
The sediment deposition resulted in a maximum difference in water-surface 
elevation of about 1.5 ft at the flood peak. 

The dredging alternatives for the bypass channel had little effect on calcu- 
lated water-surface elevations at the peak of the Standard Project Flood. When 
sediment deposition was considered, there was a maximum difference of less 
than 0.5 ft in calculated water-surface elevations between the no-action case 
and either dredging alternative at the flood peak. This was attributed to the 
large quantity of material deposited during the rise of the flood. 

Significant quantities of sediment will deposit in the first 0.5 mile of the 
proposed design channel downstream from the confluence with the bypass 
channel and in the existing pools at mile 12.47 and 13.35. About 
32,000 cu yd can be expected on an annual basis if the channel is cleaned out 
every year. Sediment accumulation should be accounted for in design water- 
surface calculations, in the absence of an annual cleanout program. 

Scour will occur in the bypass channel upstream from the confluence with 
Yellow Creek. This can be corrected with a head cut control structure. Other- 
wise, degradation may be accompanied by lateral migration of the stream, 
which could threaten existing levees and adjacent property. 

Scour will also occur at the railroad bridge and at mile 13.02 where the 
design channel is constricted. Local scour protection should be provided for 
structures at these locations. 

Recommendations 

A 4-ft-deep low-flow channel with a base width of 25 ft upstream from 
Stony Fork and 40 ft downstream is recommended for the bypass channel. 
This was found to be the most sediment transport efficient cross section, based 
on the concept of channel-forming discharge and integration of the sediment 
transport and flow duration curves. 

The nature of the channel bed in the vicinity of mile 11.85 should be 
thoroughly investigated. Evidence from this investigation indicates that the 
existing bed is composed of resistant material that controls stream response 
upstream. If the proposed cut exposes a less resistant layer of material, severe 
channel unraveling could occur. This can be corrected, if necessary, with a 
control structure. 

For purposes of calculating design water-surface elevations, it is recom- 
mended that design invert eIevations be increased to account for sediment 
deposition. 
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Based on decreases in composite roughness coefficients with channel 
widening, consideration should be given to lowering roughness coefficients in 
the design channel. 
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Table 1 
Calculated Accumulated Deposition Between Miles 11.53 and 
14.96 

Attributed 
to Design, cu yd 

30,200 

30,100 

31,800 

32,600 

29,700 

31,600 

32,000 
- 

31,700 

36,500 

33,400 

Design Channel 
cu yd 

34,200 

36,700 

37,700 

39,000 

37,900 

40,700 

39,200 

39,800 

44,900 

41,600 

End of Year 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

Existing Channel 
cu yd 

4,000 

6,600 

5,900 

6,400 

8,200 

9,100 

7,200 

8,100 

8,400 

8,200 
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Appendix A 
Description of TABS-1 
Computer Program 

The computer program TABS-1 calculates water-surface profiles and 
changes in the streambed profile. Water velocity, water depth, energy slope, 
sediment load, gradation of the sediment load, and gradation of the bed surface 
are also computed. Water-surface profile and sediment movement calculations 
are fully coupled using an explicit computation scheme. First, the conservation 
of energy equation is solved to determine the water-surface profile and perti- 
nent hydraulic parameters (velocity, depth, width, and slope) at each cross 
section along the study reach: 

where 

H = water-surface elevation 
X = direction of flow 
a = coefficient for the horizontal distribution of velocity 
V = average flow velocity 
g = acceleration due to gravity 
S = slope of energy line 

In addition, the continuity of sediment material is expressed by 

Appendix A Description of TABS-I Computer Program 



where 

G = rate of sediment movement, cu ft/day 
X = distance in direction of flow, ft 
B = width of movable bed, ft 
y, = change in bed surface elevation, ft 

t = time, days 
q, = lateral inflow of sediment, cu ft/ft/day 

The third equation relates the rate of sediment movement to hydraulic 
parameters as follows: 

where 

y = effective depth of flow 
T = water temperature 

= effective grain size of sediment mixture 
= geometric mean of class interval 

Pi = percentage of ith size class in the bed 

The numerical technique used to solve Equation A1 is commonly called the 
Standard Step Method. Equation A2 has both time and space domains. An 
explicit form of a six-point finite difference scheme is utilized. Several equa- 
tions of the form of Equation A3 are available. These transport capacity equa- 
tions are empirical and G is determined analytically. 

Equation A2 is the only explicit equation, but it controls the entire analysis 
by imposing stability constraints. Several different computation schemes were 
tested, and the six-point scheme proved the most stable. No stability criteria 
have been developed for this scheme. The rule of thumb is to observe the 
amount of bed change during a single computation interval and reduce the 
computation time until that bed change is tolerable. 

Oscillation in the bed elevation is a key factor in selecting a suitable com- 
putation interval. The computation time interval must be made short enough 
to eliminate oscillation. On the other hand, computer time increases as the 
computation interval decreases. The proper value to use is determined by 
successive approximations, running test cases, and observing the amount of 
bed change. 

Several supporting equations are required in transforming the field data for 
the computer analysis. The Manning equation is used to evaluate friction loss. 
Average geometric properties are combined, using an average end area 
approach, into an average conveyance for the reach. Manning's roughness 
coefficients are entered for the channel and both overbanks and may be 
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changed with distance along the channel, discharge, or stage. Construction and 
expansion losses are calculated as "other" losses by multiplying a coefficient 
times the change in velocity head. All geometric properties are calculated 
from cross-section coordinates. 

Only subcritical flow may be analyzed in the computer program; however, 
zones of critical or supercritical flow may occur within the study reach. The 
program treats supercritical zones as "critical" for determination of water-sur- 
face elevation, but calculates hydraulic parameters for sediment transport based 
on normal depth. Critical depth in a section with both channel and overbank 
is defined as the minimum specific energy for that section assuming a level 
water surface. Starting water-surface elevations can be input as a rating curve 
with stage and discharge, or stage can be set for each specific time interval. 
Steady-state conditions are assumed for each time interval, although the dis- 
charge may be changed to account for tributary inflow. A hydrograph is simu- 
lated by creating a histograph of steady-state discharges, using small time 
intervals when discharge variations are great and longer time intervals when 
changes in water and sediment discharges are small. 

In some cases the temperature of water can be an important parameter in 
sediment transport and, consequently, may be prescribed with each water dis- 
charge in the hydrograph. Flexibility of input permits a value to be entered as 
needed to change from a previous entry. 

Geometry is input into the numerical model as a series of cross sections 
similar to the widely used HEC-2 backwater program (US Army Engineer 
Hydrologic Engineering Center 1990'). A portion of the cross section is 
designated as movable and a dredging template may also be specified. Spac- 
ing of cross sections is somewhat more critical for TABS-1 than it is for 
HEC-2 because of numerical stability problems. Long reach lengths are desir- 
able because reach length and computation interval are related. Very short 
time intervals may be required if excessive bed changes occur within a specific 
reach. No special provisions are available to calculate head losses at bridges. 
The contracted opening may be modeled such that scour and deposition are 
simulated during the passing of a flood event, but calculated results must be 
interpreted with the aid of a great deal of engineering judgment and sensitivity 
analysis. 

Four different sediment properties are required: (a) the total concentration 
of suspended and bed loads, (b) grain-size distribution for the total concentra- 
tion, (c) grain-size distribution for sediment in the streambed, and (d) unit 
weight of deposits. A wide range of sediment material may be accommodated 
in the transport calculations (0.004 mrn to 64 rnrn). 

The usefulness of a calculation technique depends a great deal upon the 
coefficients which must be supplied. As in HEC-2, Manning's n values, con- 
traction coefficients, and expansion coefficients must be provided to 

References cited in this appendix are included in the References at the end of the main text. 
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accomplish the water-surface profile calculations. Several other coefficients 
are required for sediment calculations as follows: 

a. The specific gravity and shape of sediment particles must be specified. 

b. The bed shear stress at which silt or clay particles begin to move and 
deposit are required coefficients. 

c. The unit weight of silt, clay, and sand deposits is somewhat like a 
coefficient because of the difficulty in measuring. Also, the density 
changes with time. 

All of the sediment-related coefficients have default values because sedi- 
ment data seem to be much more scarce than hydraulic data. There are fewer 
sources for generalized coefficients. All of the default values should be 
replaced by field data where possible, and the input data are structured for 
such a process. 
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